Summary. Distributions of growth-associated protein- in the periodontal ligament and dental pulp of adult rats were studied by light and electron microscopy. The mature periodontal ligament and dental pulp contained numerous GAP-43-positive neural elements, comprising periodontal Ruffini endings and thin nerve fibers, but expression patterns differed among the kinds of nerves. In the periodontal ligament of rat molars, immunoelectron microscopy revealed that GAP-43 like immunoreactivity in the Ruffini ending, an essential mechanoreceptor, was confined to the Schwann sheaths around the axon terminals and was not in the axon terminals themselves, unlike free endings that revealed axonal GAP-43. However, the lamellar Schwann cells associated with the cutaneous receptors did not exhibit any GAP-43 like immunoreactivity though they were intensely reactive for low affinity nerve growth factor receptor (p75-NGFR), a marker for lamellar Schwann cells in mechanoreceptors. The characteristically uniform expression of GAP-43 in the Schwann lamellae that surround the Ruffini mechanoreceptors of rat molar ligament suggests that Schwann cells are involved in the GAP-43 mediated plasticity of these receptors. On the other hand, the pulpal nerves were filled with the reaction products in their axonal spaces, suggesting the potential for neuronal plasticity during normal function and after tooth injury. , otherwise known as B-50, F-1, pp46 and pp-57, is a membranous phosphoprotein present in neurons (for reviews, GORDEN-WEEKS, 1989; SKENE, 1989) . The expression of this protein is associated with neural development and regeneration SKENE, 1989; TETZLAFF et al., 1989) ; GAP-43 is produced at high levels in developing and regenerating neurons, and is transported to the growth cone during axonal outgrowth during development or regeneration (BENOWITZ and ROUTTENBERG, 1987; SKENE, 1989; GORDEN-WEEKS, 1989; GOLDING and TONGE,1992) . In mature neurons, the synthesis of this protein is repressed or down-regulated after synaptogenesis and target innervation, but increases after nerve injury (SKENE and WILLARD, 1981; JACOBSON et al., 1986; BENOWITZ and ROUTTENBERG, 1987; SKENE, 1989; MCINTOSH et al., 1989) . Even in adulthood, however, as several studies have demonstrated, GAP-43 like immunoreactivity is restricted to particular regions such as the hippocampus, olfactory system and enteric system BENOWITZ et al., 1988 BENOWITZ et al., , 1989 DE LA MONTE et al., 1989; SHARKEY et al., 1990; FRIED and RISLING, 1992; STEWART et al., 1992) . In the peripheral nervous system of mature animals, intense immunoreactivity for GAP-43 has been reported in nerve fibers in the enteric nerve plexus (SHARKEY et al., 1990) and in the dental pulp (FRIED and RISLING, 1992) . In particular, more than 95% of adult cat pulpal nerve fibers, all terminating as free endings, have been shown to contain GAP-43-like immunoreactivity even though the dental pulp is regarded as a static tissue (FRIED and RISLING, 1992) .
Dental pulp receives a rich sensory nerve supply, and these nerve fibers terminate as free endings to serve as nociceptors (for reviews, BYERS,1984; FRANK and NALBANDIAN, 1989) . On the other hand, in the peri-*This study was supported primarily by a Grant -in-Aid for Scientific Research (B) (No. 05454488) (T. M.) from the Ministry of Education, Science, Sports and Culture, Japan; and in part by NIH #DE05159 (M. B.). odontal ligament, the neural elements mainly comprise Ruffini mechanoreceptor endings or free nerve endings (BYERS, 1985 (BYERS, , 1990 MAEDA et al., 1987; SATO et al., 1988 SATO et al., , 1989 BYERS and DONG, 1989; KANNARI et al., 1991; NAKAKURA-OHSHIMA et al., 1995) . Ruffini endings are low-threshold stretch mechanoreceptors (CHAMBERS et al., 1972; BIEMESDERFER et al., 1978) that are distributed predominantly in specialized compartments of dense connective tissue, such as tendons, the fibrous parts of joints and ligaments, or around hairs (ANDRES and VON DURING, 1973; MUNGER and IDE, 1988) . The peiodontal Ruffini ending is characterized by an association with specialized Schwann cells (BYERS, 1985; MAEDA et al., 1989 MAEDA et al., ,1990 KANNARI et al., 1991) , that are analogous to the lamellar cells of other kinds of mechanoreceptors (ANDRES and VON DURING, 1973) . They also have non-specific cholinesterase activity (MAEDA et al., 1990 ) and low affinity nerve growth factor receptor (p75-NGFR) immunoreactivity that differs from periodontal thin fibers (BYERS, 1990) . These specialized Schwann cells have been termed K-cells (BEERTSEN et al., 1974) , or terminal or lamellar Schwann cells (BYERS, 1985; MAEDA et al., 1989) . In the periodontal ligament, there is ongoing, active remodeling of collagen fibers in response to the magnitude of occlusal force (cf. SCHROEDER, 1986) . This environment readily suggests that mechanoreceptive and nociceptive neural elements in the periodontal ligament are capable of dynamic plasticity in response to alterations in their tissue, a process that might very likely utilize GAP-43 protein. Further, some experimental studies also have revealed that the pulpal nerve fibers have high potential for neural plasticity against external stimuli such as cavity preparation and inflammation (YAMAURA, 1987; BYERS et al., 1988; KHAYAT et al., 1988; KIMBERLY and BYERS, 1988; TAYLOR et al., 1988; SATO, 1989) .
The purpose of the present study was to analyze GAP-43 expression in the different neural elements of the periodontal ligament of mature rat molars, for comparison with intradental and cutaneous sensory receptors. We used both light and electron microscopic immunocytochemistry and found different cellular locations for GAP-43 like immunoreactivity. The Ruffini mechanoreceptors were also compared Fig. 1 . GAP-43-immunoreaction in the molar of a 6-month-old rat. Numerous neural elements are immunoreactive both in the dental pulp (P) and the periodontal ligament (PL). The periodontal ligament contains immunoreactive neural elements, especially at the root half. The immunopositive nerves are also seen climbing up the root pulp towards the coronal pulp (arrow). AB alveolar bone, D dentin. x 32 with other nerve endings in cutaneous receptors which were identified by immunohistochemistry for p75-NGFR.
MATERIALS AND METHODS
Ten mature Sprague-Dawley rats, 6 months old, were used for this immunocytochemical investigation. The animals were deeply anesthetized by an intraperitoneal injection of sodium pentobarbiturate (40 mg/kg), and perfused through the ascending aorta with 4% paraf ormaldehyde in 0.1 M phosphate buffer, pH 7.4. The upper jaws and the toes were dissected out, postfixed in the same fixative overnight, and then decalcified with either 10 % EDTA-2Na or 4 N formic acid in 0.5 M sodium formate at 4°C. After decalcification, excess soft tissue was removed. The decalcified tissue blocks were rinsed in a 0.1 M phosphate buffer (pH 7.4), and then incubated overnight in a 30 sucrose-in-phosphate buffer (pH 7.4) for cryoprotection. The tissues of teeth and toes were sectioned sagittally at 40-50um with freezing microtome. Sections were processed for immunocytochemistry either for GAP-43 or p75-NGFR using an avitin-biotin complex (ABC) method.
The free floating sections were preincubated in absolute methanol plus 0.3% hydrogen peroxide to inhibit endogenous peroxidase for 30 min. All sections were incubated for 48-72 h at 4°C in a monoclonal antibody to human GAP-43 (clone 91E2; Boehringer Manheim Biochemica) at a dilution of 0.1,ug/ ml diluted in phosphate buffered saline (PBS) plus 2.5% normal rat serum and 2.5% normal horse serum. For identification of cutaneous receptors, the toe sections were incubated in the IgG fraction of monoclonal anti-p75-NGFR ascites at 2cg/ml of hybridoma 192 (generous gift of Prof. M. BOTHWELL, University of Washington, Seattle, WA). The bound primary antibody was then localized using biotinylated anti-mouse IgG (Vector, Burlingame, CA, USA) and, subsequently, the avitin-biotin-complex conjugated peroxidase (ABC kits; Vector, Burlingame, CA, USA). Final visualization of the antigen-antibody reaction sites used 3,3'-diaminobenzidine (0.02%) and hydrogen peroxide (0.0125%) in 0.1 M tris-HC1 buffer, pH 7.4. The immunostained sections were then mounted onto gelatin-coated glass slides, air-dried, and briefly counterstained with 0.005% methylene blue/azure II in 0.005% sodium borate.
For immunoelectron microscopic observation on GAP-43-immunoreaction, some immunostained sections without counterstaining were post-fixed in 1 osmium tetroxide reduced with 1.5% potassium ferrocyanide for 1 h, dehydrated in ascending grades of ethanol, and embedded in epoxy resin (Epon 812). Ultrathin sections were prepared in a Reihert-Nissei Ultracut N or MT-JIB with a diamond knife. They were examined without any electron staining in a Hitachi H-7000 or Philips 410 transmission electron microscope.
Replacement of primary monoclonal antibodies with the corresponding non-immune sera or PBS suggested the specificity of these monoclonal antibodies as did the loss of staining in the dilution series.
RESULTS
Light microscopic findings on GAP-43 like immunoreactivity in rat periodontal ligament and dental pulp
Immunostaining with a monoclonal antibody to GAP-43 succeeded in demonstrating numerous neural elements in the periodontal ligament of rat molars as well as pulpal nerve fibers (Fig. 1) . No remarkable difference in GAP-43-immunointensity was discernible in the periodontal ligament between the EDTAand the formic acid-decalcified sections.
A dense distribution of neural elements exhibiting GAP- 43-immunoreactivity was recognized in the periodontal ligament of the lower half of the root, especially around the root apex, while fewer nervous elements occurred at the upper half (Figs. 1, 2a) . The periodontal ligament of the rat molars contained two types of nerve terminals showing GAP-43 like immunoreactivity:
thin free and thick Ruffini endings (Fig. 2a, c) . Some GAP-43 positive nerve fibers, frequently appearing as a tree-like ramification, terminated within the periodontal fibers without any specialized terminals (Fig. 2a, b) . This type was distributed in the periodontal ligament through the entire length of the root, being especially numerous near the root apex. Many GAP-43 positive Ruffini endings, with their typical dendritic form and expanded terminal buttons, were also recognizable near the root apex (Fig. 2a-c) . Their outlines showing GAP-43 like immunoreactivity were comparatively thick and irregular, giving a ruffled appearance (Fig.  2b, c) .
The dental pulp in rat molars also contained many nerve fibers showing GAP-43 like immunoreactivity (Figs. 1, 3a, b) . GAP-43 positive nerve fibers entered the root pulp through the apical foramen, and ascended through the center of the root pulp towards the coronal pulp (Fig. 1) . In the coronal pulp, nerve fibers branched out extensively, and assembled beneath the odontoblast cell layer to form a subodontoblastic nerve plexus (Figs. 1, 3a) . Some nerves exhibiting GAP-43 like immunoreactivity further penetrated into the predentin beyond the odontoblast cell layer (Fig. 3a, b) . In particular, numerous nerves exhibiting GAP-43 like immunoreactivity were seen entering the predentin at the pulp horn (Fig. 3b) . Some slender Schwann cells located exclusively in pulp corethough never those near the odontoblast cell layer -were positive for GAP-43-immunoreaction (Fig.   3c ).
Ultrastructural localization of GAP-43 like immunoreactivity in periodontal ligament and dental pulp
In immunoelectron microscopy by the pre-embedding method, the periodontal Ruffini endings were easily identified by their expanded axon terminals filled with mitochondria and surrounded by Schwann sheaths (Fig. 4a, c) . Electron-opaque immunoreaction products for GAP-43 filled the Schwann sheath cytoplasm but not its organellae (Fig. 4a) . Although GAP-43 is reported to be associated with the axoplasmic membrane, the immunoreactions here were most intense in the ground cytoplasm. This may have been caused by the tendency of the peroxidase reaction products to accumulate in the cytoplasm ( VAN LOOKEREN CAMPAGNE et al., 1989) . In the axon terminals, however, we failed to find any immunoprecipitates in spite of careful observations (Fig. 4a, b) . The periaxonal Schwann sheaths were observed to associate with rounded cells with lobed nuclei whose cytoplasm contained a well-developed Golgi apparatus and endoplasmic reticulum with broad intracisternal spaces (Fig. 4a, b) . From their location and morphological features, these rounded cells were identified as the specialized Schwann cells which have been referred to as lamellar or terminal Schwann cells (BEERTSEN et al., 1974; BYERS,1985; MAEDA et al., 1989; KANNARI et al., 1991) . The cell bodies of lamellar Schwann cells were devoid of any GAP-43 like immunoreactivity, but immunoreaction for GAP-43 began to appear in the cytoplasm of Schwann sheaths from the constricted neck of the cell bodies (Fig. 4b) .
A markedly different pattern for GAP-43-immunoreaction was recognized in the free nerve endings in the periodontal ligament. The axoplasm of unmyelinated nerve fibers, with or without a Schwann cell covering, showed GAP-43 like immunoreactivity; the Schwann sheaths associated with those unmyelinated nerve fibers did not express the immunoreactivity (Fig. 4c) .
Subcellular localization of GAP-43 in the nerve endings in the dental pulp was identical to that in the periodontal free nerve ending. The unmyelinated axons were filled with reaction products for GAP-43, but their Schwann cell covering lacked them (Fig.  5a) . The GAP-43-immunopositive axons were found to contact the odontoblasts (Fig. 5b) . The axonal cytoplasm of the intradentinal nerves appeared electron dense in filling up with immunoreaction products except for cell organellae such as mitochondria (Fig.  5c ). In spite of careful observations, we failed to find any GAP-43 like immunoreactivity in fibroblasts in the dental pulp.
Immunoreactivity for p75-NGFR and GAP-43 in cutaneous receptors of rat toe
P75-NGFR-immunocytochemistry
clearly demonstrated the profiles of cutaneous mechanoreceptors in the rat toe (Fig. 6a ). Meissner's corpuscles present in all dermal papillae of the rat glabrous pad positively reacted with the p75-NGFR antibody (Fig. 6b, c) . In the epithelium of the glabrous pad, the outlines of basal cell layer were also positive for p75-NGFR. Furthermore, the thin nerve fibers in the sweat glands of the glabrous pad showed intense p75-NGFRimmunoreactivity (Fig. 6b) . At the hair plexus of the toe, the antibody to p75-NGFR demonstrated Ruffini endings (Fig. 6d) .
On the other hand, GAP-43-immunostaining demonstrated fewer positive structures in the rat toe, compared with p75-NGFR-immunocytochemistry (Fig. 7a) . The lamellar Schwann cells of Meissner's corpuscles which could be depicted by p75-immuno- images showing GAP-43-immunoreaction in the dental pulp (P) and the predentin (PD). a. A thin pulpal nerve filled with reaction products for GAP-43 is associated with an immunonegative Schwann cell (S) in the pulp core. The pulpal fibroblast (F) lacks the immunoreactivity.
BV blood vessel. b. Nerve terminals in the odontoblast cell layer (OB). Immunopositive nerve endings (arrows) are seen to make contact with odontoblasts (OB). c. A high power view of the predentinal nerve terminal filled with electron-dense immunoreaction products, except for mitochondria. Note the absence of any synaptic structure between the nerve ending and odontoblastic cell process (OP) (arrowheads). a: x 4,500, b: x 9,000, c: x 18,000 cytochemistry did not show any immunoreaction for GAP-43, while a few axons were positive (Fig. 7b, c) . However, a dense supply of GAP-43 like immunoreactive nerves was observed in the sweat gland of the rat toe (Fig. 7b) . The lamellar Schwann cells associated with Ruffini endings at the hair plexus were negative for GAP-43-immunoreaction (Fig. 7d) .
DISCUSSION
GAP-43 has proved to be a useful marker of axonal growth in developing and regenerating neurons in many studies TETZLAFF et al., 1989; GORDEN-WEEKS, 1989; SKENE, 1989) . The production of GAP-43 usually decreases or disappears after synaptogenesis and target innervation SKENE, 1989; TETZLAFF et al., 1989 ) except for certain areas in nervous system such as the hippocampus and olfactory system (BENOWITZ et al., 1988; and after axonal injury (SKENE and WILLARD, 1981; JACOBSON et al., 1986; BENOWITZ et al., 1987; SKENE, 1989; MCINTOSH et al., 1989) . In the present immunocytochemical study, we found that virtually all the periodontal and pulpal free nerve fibers in adult rats exhibited GAP-43 like immunoreactivity. In addition, the periodontal Ruffini mechanoreceptors were all stained with GAP-43-immunoreactivity in their lamellar Schwann cells. Their distribution was identical to that which previously was reported in studies using axonal transport labeling (BYERS, 1985; BYERS and DONG, 1989) or immunocytochemistry (MAEDA et al., 1987 (MAEDA et al., , 1989 HEYERAAS et al., 1993) .
Some experimental studies on cavity preparation and pulpitis (YAMAURA, 1987; BYERS et al., 1988; KHAYAT et al., 1988; KIMBERLY and BYERS, 1988; TAYLOR et al., 1988; SATO, 1989) have suggested that the nerve fibers in the dental pulp have high potential for neuroplasticity, though they are enclosed by hard tissues. Furthermore, even in the dental pulp of adult rats, essentially all pulpal and dentinal nerve fibers retain the immunoreactivities for p75-NGFR which have been known to be expressed high levels in developing and regenerating neurons (BYERS, 1990; SATO et al., 1990; MAEDA et al., 1992) . In the periodontal ligament, on the other hand, artificial external stimuli such as orthodontic forces and occlusal trauma have been demonstrated to induce the rearrangement and reformation of the periodontal nerves (KVINNSLAND and KVINNSLAND, 1990; KVINNSLAND and HEYERAAS, 1992; KVINNSLAND et al., 1992; , 1991 SODEYAMA et al., 1996) which also show intense p75-NGFR-immunoreactivity in adult rats (BYERS,1990 ). The present immunocytochemical data support the view of a high potential for neuroplasticity of pulpal and periodontal nerve fibers in adult rats, as the expression of GAP-43 has been reported in association with neural development and regeneration SKENE, 1989; TETZLAFF et al., 1989) .
The present immunoelectron microscopic findings indicated that the immunoreactivity for GAP-43 was confined to the axoplasm in unmyelinated nerve fibers both in the pulp and periodontal ligament, in accordance with previous electron microscopic observations for other tissues such as tooth pulp (FRIED and RISLING, 1992) . However, the localization of GAP-43 in periodontal Ruffini endings was different from our expectations.
Immunoreaction products appeared in the periaxonal lamellar Schwann cells, not in the axoplasm in the periodontal Ruffini endings. GAP-43 was first referred to as a neuron-specific protein on the basies of its demonstrated effects such as those upon axon motility or axon elongation at growth cones (GORDEN-WEEKS, 1989; SKENE, 1989) . However, recent investigations have shown that Schwann cells have the ability to synthesize this protein, and that non-myelin-forming Schwann cells in adult rats and Schwann cell precursors exhibit GAP-43 like immunoreactivity TETZLAFF et al., 1989; WOOLF et al., 1992; CURTIS et al., 1992; PLANTINGA et al., 1993) .
The lamellar or specialized Schwann cells associated with the periodontal Ruffini endings have cytological and histochemical features common to those in other mechanoreceptors (ANDRES and VON DURING, 1973) . The immunostaining with p75-NGFR antibody was able to clearly demonstrate the specialized Schwann cells associated both with periodontal Ruffini endings and cutaneous mechanoreceptors. The present findings confirm that p75-NGFR immunocytochemistry is a useful marker for the specialized Schwann cells associated with the mechanoreceptors. Previous reports have shown various markers such as S-100 protein and non-specific cholinesterase activity for the specialized Schwann cells in the mechanoreceptors. Immunohistochemistry for S-100 protein has demonstrated the specialized Schwann cells associated with the periodontal Ruffini endings (MAEDA et al., 1990) as well as with Meissner's and Pacinian corpuscles (IWANAGA et al., 1982) . Non-specific cholinesterase has been shown to be a marker enzyme both for cutaneous mechanoreceptors (WINKELMANN, 1960; CAUNA, 1960; ANDRES and VON DURING, 1973; MUNGER and IDE, 1988; IDE and SAITO, 1990a, b) and periodontal Ruffini endings (MAEDA et al., 1990) , though its functional significance is unclear. However, the expression pattern of GAP-43 like immunoreaction in the specialized Schwann cells differed between the periodontal ligament and skin, though we stained samples obtained from the same animals.
According to a developmental study on Meissner's corpuscles in the mouse toe (IDE, 1982) , all routine Schwann cells showed non-specific cholinesterase activity during their development and lost it later, whereas the specialized Schwann cells retained that activity after the target innervation. Therefore, the specialized or lamellar Schwann cells may be regarded as an immature type of Schwann cell. In the present study, however, cutaneous mechanoreceptors and these lamellar Schwann cells in the toe were negative for GAP-43 immunoreaction, while periodontal mechanoreceptive Ruffini endings were positive for GAP-43. It is likely that periodontal lamellar Schwann cells in Ruffini endings differ from those in cutaneous mechanoreceptors in their growth potential.
The expression of GAP-43 in the lamellar Schwann cells associated with periodontal Ruffini endings in mature rats might be related to a special environment in the periodontal ligament. The periodontal ligament is exposed to constant, hard occlusal force; furthermore, active remodeling of periodontal collagen fibers takes place there (cf. SCHROEDER, 1986) . The turnover of collagen fibers has been reported to be higher in the periodontal ligament than in other connective tissues of the body (SoDEK, 1977) . This environmental characteristic might be one of reasons why the expression of GAP-43 in lamellar Schwann cells differs between the periodontal ligament and skin.
The functional significance of GAP-43 in Schwann cells is unclear (CURTIS, 1993) . It has been proposed that non-myelin-forming Schwann cells utilize GAP-43 to regulate interactions of their membrane and cytoskeleton which may be related to changes in the diameter of the ensheathed axons (GREENBERG et al., 1990) , by analogy with growth cones where GAP-43 associates with the plasmalenma and the submembrane cytoskelton (SKENE and VILAG,1989; MEIRI and GORDEN-WEEK, 1990 ). An experimental study to transect peripheral nerve fibers also suggested GAP-43 being correlated with the changes in shape of Schwann cells that occur prior to and during axonal ensheathment (HALL et al., 1992; PLANTINGA et al., 1993) . Since various kinds of stimuli may easily induce morphological changes in nerve terminals and the distribution of nerve fibers in the periodontal ligament (KVINNSLAND and KVINNSLAND, 1990; KVINNSLAND and HEYERAAS,1992; KVINNSLAND et al., 1992; SAITO et al., 1991; SODEYAMA et al., 1996) , the periodontal Ruffini endings may have the ability to response easily to external stimuli.
It is worthy of note that the expression pattern of GAP-43 is so markedly different between the unmyelinated free nerve fibers and the Ruffini mechanoreceptive endings in the periodontal ligament, which both function in the same environment. The results suggest that GAP-43 mediated growth requirements for adjusting to the ligament environment are driven by the axons of free endings and the Schwann cells of the mechanoreceptors.
In fact, an experimental study on occlusal trauma has shown a more rapid response of thin nerve fibers in comparison with the response of mechanoreceptive Ruffini endings in the periodontal ligament after the addition of artificial occlusion (SODEYAMA et al., 1996) . Further investigations are needed to clarify the functional siginificance of GAP-43 in the periodontal ligament. (1992) . HEYERAAS, K. J., I. KVINNSLAND, M. R. BYERS and E. B.
JACOBSEN: Nerve fibers immunoreactive to protein gene product 9.5, calcitonin gene-related peptide, substance P, and neuropeptide Y in the dental pulp, pen-odontal ligament, and gingiva in cats. Acta Odontol.
